Medium sized basis sets of Gaussian Lobe functions for use in SCF-MO calculations are presented. With these, computations are performed on the hydrides of the atoms Li -F. Partly, mixed bases are applied in which the one-electron integrals are calculated with respect to a more extensive basis than the two-electron integrals. The energy shifts caused by shortening of the bases are separated into several components which are discussed in detail. Some conditions are given for that cases in which mixed basis calculations yield better results for energy and virial coefficient than uniform ones. These conditions are fulfilled by the function sets proposed.
I. Introduction
Most current ab-initio-calculations of molecules are based on Cartesian Gauss functions, (GTO) which are contracted to groups 1 . In some cases, Gaussian-Lobe Functions are applied 2 . These differ from the Cartesian functions mainly in that the pfunctions are represented by the difference between two primitive Gauss functions with the same exponent but displaced relative to each other. For the calculation of larger molecules it is necessary to reduce the basis size of the known accurate function sets (GTO: 3 e.g.; Lobe-Fct.: 4 ' 5 ). In the last few years there have been published a number of such expansions for GTO (Ref. 6, 7 for example), whereas the reduction of Lobe-Functions has been dealt with only in two recent papers 8> 9 . In the present paper basis expansions of Whitten's Lobe Functions are discussed which are smaller than the function sets of WHITTEN 5 and larger than those of BROWN et al. 8 and GRIMMELMANN and CHESICK 9 .
One of the main tasks of this work is to study the influence of basis contraction on the different parts of the total energy. The other important point is the question whether the use of "mixed bases" will reduce the energy shifts with respect to the original basis.
In mixed basis calculations, only the time-consuming two-electrons integrals are calculated with a shortened basis, whereas for the one-electron integrals are calculated with a shortened basis, whereas for the one-electron integrals the extensive original basis is used. To answer the above questions a series of test calculations were performed for the first-row Reprint requests to Dr. J. BRICKMANN, Institut für Physikalische Chemie der Universität Freiburg, D-7800 Freiburg, Albertstraße 21. hydrids. The results are compared with those of the extensive work of HEHRE et al. 7 ' 10 .
A shortened basis yields at first a variation of the matrix elements of the Hamiltonian, ÖH. Hence follows a redistribution of the electrons which may be characterized by a variation of the population matrix, dP. The resulting energy shift dE may thus be split into two parts dEn and 6EP produced solely by a change of H or P, respectively. These parts may be determined by computations using the unaltered P-matrix of calculations with unshortened bases. On the other hand, these parts may be obtained by mixed-and uniform-basis calculations assuming that dP is only a first-order perturbation of P. By comparing both methods one gets knowledge whether this assumption is justified. In the latter case there will be no influence of dP on the total energy Etot.
The approximate fulfilment of this condition is one of the criterions for a sufficiently good basis contraction. Other conditions to be fulfilled approximately are the constancy of the ratios of one-electron-energy to two-electron-energy and of kinetic energy to potential energy.
Beyond this, the partition of the energy shift SE permits a detailed analysis of the influence of mixed bases. Mixed bases were originally suggested by COOK and PALMIERI In more recent papers, Jo-HANSEN 12 , BROWN et al. 8 , and COOK et al. 13 used relatively small bases for the more-centre integrals. The latter authors criticized the consistent underestimation of the electron repulsion energy leading to unreliable results. The present paper investigates whether this is true for our greater basis sets.
The following abbreviations are used for bases or contractions: (10 5) stands for a basis of 10-stype Gaussian and 5 p-type lobe pairs. smaller group of Gaussians. . Radial electron density of the p-orbital for 0; a) with respect to Whittens p 5/5-group; b) difference between a and the density calculated with respect to the p 5/4 contraction (this work) ; c) difference between a and the density calculat ed with respect to the p 5/3 contraction (this work) ; d) difference between a and the density calculated with respect to the p 5/3 contraction (BROWN et al. 8 ) ; e) difference between a and the density calculated with the p 5/2 contraction (BROWN et al. 8 ).
/(r) is the radial part of the functions*, we find a uniformly good agreement between the electron density obtained from our expansion and that from the Whitten-functions ( Figure 3) . The values proposed by Brown et al., however, give larger deviations for large r.
It is to be expected that, due of the different type of adaption, the functions of Brown et al. are well suited for 1-electron properties concerned with the nucleus, but that regions further from the nucleus and thus also chemical bonds are better described by our functions.
III. Some Details of the Program
All molecular calculations were carried out with a SCF-LCAO-MO program which was written by us.
Major characteristics of the program are:
1. A simulation program can be placed before the calculation of the integrals. In this program -as in a similar one suggested by ROTHENBERG and others 16 -simplified calculations are done for all 2-electron integrals in which each group is represented by a single function (or two for p-groups). These results reflect fully the symmetrical behavior of the actual integrals. Repetitious calculation of integrals which occur more than once can thus be avoided through comparison of the simplified values. Particularly integrals which disappear are recognized immediately. Much time can be saved through this procedure in the calculation of symmetrical molecules (in the case of NH3, for example, 45%). 
and so forth. The symmetry program prevents the calculation of the second integral and carries over the value of the first. In this way, the time needed to calculate the integrals can be halved.
Other than a few parameters, this program does not require any further input data.
* Because the lobe-p-function cannot be described exactly as a product of radial part and harmonic functions, so w for the p-functions is not a pure radial function. The deviations are very small, however, and can be neglected here 15 .
3. The function s 0 which occurs during the calculation of the integrals was expressed by a new expansion in the interval 0 < s 2 < 16; for s 2 > 16 it was replaced by F(s) = 1 js.
The new expansion is a 16-part Tschebyscheff expansion which was transformed into a polynome P0(s 2 ).
The polynomes are of degree 3 to 6; a maximum error j AF <10~7 is attained. Compared to other expansions 18 , the new method requires definitly less calculating time. When tabulating the function and interpolating quadratically the time of calculation decreased only insignificantly, but the amount of storage space needed was greatly increased.
4. In the SCF-part, the pseudo-eigenvalue equation F C = e S C is converted, after a Cholesky transformation of the overlap matrix, to the standard form F' C = e C', which is solved by a QR-algorithm 19 . After three iterations in each case, a somewhat modified form of Aitkens' d 2 procedure is applied to accelerate convergence and prevent divergence. Convergence is obtained when the variation of each element of the P-matrix is below a previously set limit. For a value of 10~6 in general this occurs after 10 -20 iterations.
IV. Uniform Bases
To test the quality of the new basis expansions some test calculations were made for the hydrids of the first-row atoms. Some results are listed in Tables  3 -5 in the rows or columns marked by "uniform". In addition to the total energies, the atomisation energies and dipole moments are stated, as a test of the accuracy with which small energy differences are rendered by the invididual bases. The atomisation energies are a very sensitive test because the electron charge on the atom and thereby the population matrix P change greatly when the molecule is split. The dipole moments reflect the occuring charge densities. As a comparison to our result, data are stated which HEHRE and others 10 obtained through similar basis expansions with the scaling factors f = 1/1.8 for CH4 , £ = 1/U65 for H20 and f = Vh6 for the rest of the atoms. Experimentally obtained molecular geometry 21 was used for all calculations. 
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a Notation see Table 3 .
The following nuclear distances were used for the instable molecules BeH2 and BH3: rße-H = 1-35 Ä 22 ;
r B-H = 1-22 Ä (plane configuration) 23 .
The following conclusions can be drawn from the data in Tables 3 to 5 (in the rows The energy shift as a function of the basis can be more thoroughly discussed with the aid of Table 6 (values for uniform bases), which specifies the vari- a Notation see Table 3 . 
d(E1/E2
) and dVir are of the same order of magnitude as
6Etot/Etot (virial coefficient Fir = -V/2 T).
Besides the energy shift there is a redistribution of electrons when changing the basis functions. In Table 10 , dipole moments and the occupation num- 
V. Mixed Bases
The above described partition of the energy into one-and two-electron-parts shows that the major portion of the total energy shift dE which occurs by the change to reduced bases is due to a shift in the one-electron energy Ex . It therefore seems plausible to try to reduce dE through calculating Et with the extensive original basis and using a shortened basis only for the time-consuming two-electron integrals.
Prerequisite for the application of this method is that the small groups of Gaussians approximate the respective atomic orbitals in nearly the same degree of accuracy as the large ones. This condition is fulfilled by the overlap maximisation procedure, described in Section II. are used. Table 6 shows the energy shift as a function of change of single or several AO's for both uniform and mixed bases, using H20 as an example. Most of the energy shifts for mixed bases are significantly less than the respective values for uniform bases.
As before, the energy shifts due to changes of several AO's can be described as sums of energy shifts 
h is the matrix of the one-electron Hamiltonian.
based on the AO's a;. P is the bond-order -or population matrix. The "supermatrix" V contains the two-electron components of the Hamiltonian:
V{j, hi = (»j I A I) -\ (i k\ jl) = Vkit a
with and from (9) :
.
The multiplication V • P of the "supermatrix" V with the bond-order-matrix P is defined by 
it follows for the perturbation of the energy in the first order 28 :
The first term disappears because the energy has attained a minimum with respect to a variation of P:
in other words: <5£tot = tr(P(<5A+|<5F«P)).
For the energy components SEt and SE2 is found:
with the abbreviations:
SEz, p = tr (SP F • P).
Therefore from (8): SEIP =SE{ +SE%t -SE^t.
With the help of Eqs. (15) through (18), the first order energy shift can be separated into components which are due only to changes Sh, SV or SP. On the other hand this partition can be done by direct calculations as in Section IV. There the energy is calculated with respect to the bond-order matrix resulting from the calculations with an unshortened basis. Thus, by comparing the results of both methods, we have a criterion for the validity of the firster order parturbation formalism. The changes of total energy and of some ratios of parts of the energy are given in Table 7 . Table 8 shows some values calculated directly by keeping the P-matrix constant. Table 9 gives some energy shifts calculated independently from Table 8 according to Eqs. (12) to (18).
The following information can be drawn from the Tables:   a) For all basis variations considered here, the energy shifts calculated according to perturbation formalism agrees very well with the value resulting from the direct calculations (compare for example Table 8 with column 2, 3, 7 of Table 9 ). That means that the perturbation formalism described above is justified. This result is verified by the fact that Eq. (8) and (12) However, as shown in Table 6 , dE2 is usually much smaller for mixed bases than for uniform. This holds even stronger for both d( -EjE2) and <3 Vir (see Table 7 ). So the above criterions are satisfied better by the mixed bases, and the objections by COOK et al. 13 do not prove right here, at least for the molecules considered. Examining the first order variation of the virial coefficient in the energy minimum of the extended basis (Vir = l) yields:
For mixed bases this reduces to:
The occurrence of <57^ in Eqs. (20), (21) shows the effect of changes of the electron density on the virial coefficient. Table 3 .
opposite direction of the charge shift for the two methods. A population analysis clarifies that the charge shift is towards the H-atoms for uniform bases and away from the H-atoms for mixed bases.
As was found fr the virial coefficients and most of the parts of the energy, the absolute value of the changes in dipole moment and occupation number are smaller for mixed bases than for uniform bases.
The underestimation of E2 in calculations using mixed bases has proved to be not serious in all cases examined; on the contrary most changes are considerably smaller with mixed bases. Just so, with our relatively large basis sets there could be detected no change in the order of orbital energies, as reported by COOK et al. 13 for benzene. As an example, Table 11 shows the orbital energies of formic acid, computed with respect to Whitten's original basis and to our smallest one (mixed fashion). For comparison the values of SEm and 6E2H are included. 
VI. Conclusions
It has been shown that the new basis expansions fulfill the conditions for sufficiently good bases mentioned in the introduction: a) the shortening of the basis leads to only first-order perturbations of the energy compared with the original basis; b) the change of the ratio of one-to two-electron energy is only of the same order of magnitude as dE/E; c) the same is true for the ratio of kinetic to potential energy.
As a consequence of the first condition, the total energy is nearly independent of the electron shift generated by the change of basis. Moreover, one gets the total energy shift when changing several AO's simultaneously by adding the energy shifts produced by changing only one AO.
Under the assumption that the second criterion d(E1/E.2)^ 0 is fulfilled exactly for the changes introduced by the variation of the matrix elements of the Hamiltonian, one has SE^/SE^EJE, (22) and <3£I,H + <^2,H = (1 + (EJE2))-ÖE2,E.
Since for all molecules:
EJE2<~2
(for the hydrids of the atoms of the first row: EjE2^ -3) there is [<5£m + <5£2H|> I 6E2EI (25) and it follows from Eqs. (15) to (18) The numerical calculations were done at the CDC 6600 of the Regionales Rechenzentrum, Technische Universität Stuttgart, and the IBM 7040 and UNIVAC 1106 of the Rechenzentrum der Universität Freiburg /Breisgau. The authors wish to thank the Deutsche Forschungsgemeinsaft, Bonn-Bad Godesberg, for financial support.
